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ABSTRACT
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beach nourishment. Journal of Coastal Research, 20(1), 89–100. West Palm Beach (Florida), ISSN 0749-0208.

An analytical approach that incorporates analysis of nearshore wave transformation and wave-induced longshore
sediment transport was developed to quantify the significance of potential physical environmental impacts associated
with offshore sand mining. Calculation of longshore sediment transport potential for a series of wave cases provided
a method for determining the extent and magnitude of alterations to nearshore processes, but the magnitude of change
alone did not provide enough information to determine the significance of changes for a particular coastline. This
paper documents a method for evaluating the significance of borrow site impacts that incorporates temporal and
spatial variations in the incident wave field. Example applications of this method are presented for borrow sites
offshore Oregon Inlet, North Carolina; Martin County, Florida; and Corsons Inlet, New Jersey. As a management
tool, this methodology holds several advantages over methods previously employed to assess the significance of borrow
site impacts, including: 1) a model-independent component (observed shoreline change) is used to verify model results;
2) impacts associated with borrow site excavation can be directly related to their potential influence on observed
coastal processes; 3) site-specific temporal variability in wave climate and sediment transport potential is calculated
as part of the methodology; and 4) the procedure accounts for spatial and temporal variability in wave climate, as
well as provides a means of quantifying significance of impacts relative to site-specific conditions.

ADDITIONAL INDEX WORDS: Wave transformation modeling, longshore sediment transport, cumulative effects,
Oregon Inlet, North Carolina, Martin County, Florida, Corsons Inlet, New Jersey.

INTRODUCTION

During the past few decades, there has been increased in-
terest in sand and gravel resources on the Outer Continental
Shelf (OCS) of the USA (e.g., FIELD and DUANE, 1974; MEIS-
BURGER and WILLIAMS, 1980; WILLIAMS, 1987). The poten-
tial for exploitation of these sand resources as a source for
beach and barrier island restoration has grown rapidly as
similar resources in State waters are being depleted or pol-
luted. Beach nourishment, as a form of erosion control, has
become a standard engineering alternative to coastal engi-
neering structures (e.g. groins, seawalls, and breakwaters)
because nourishment projects dissipate wave energy and re-
plenish the local sediment supply.

However, beach nourishment programs potentially can
cause adverse environmental impacts at beach fill locations
and borrow sites if an offshore sediment source is mined. In
addition to concerns regarding biological resources, the phys-
ical effects of offshore sand mining on the incident wave field
and associated sediment transport regime may alter local
shoreline change. This is demonstrated well in the example
of a 1983 nourishment of Grand Isle, Louisiana (COMBE and
SOILEAU, 1987) where a 2.1 million cubic meter (MCM) beach
fill was constructed using sand from two borrow sites located
800 m offshore. Modifications to the wave and sediment
transport climate of the area resulted in the unintended for-
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mation of large cuspate bars and erosion hot spots on the
beach, which persisted long after the borrow sites had filled.

Many past offshore borrow site studies have used computer
modeling of waves and shoreline change to determine post-
dredging impacts (e.g., HORIKAWA et al., 1977; KRAUS et al.,
1988). Less attention has been focused on determining the
relative significance of potential changes to the physical en-
vironment associated with offshore sand mining. To this end,
an analytical approach was developed that incorporates anal-
ysis of nearshore wave transformation and wave-induced
longshore sediment transport. The most effective means of
quantifying incremental and cumulative physical environ-
mental changes from sand dredging on the continental shelf
is through the application of wave transformation numerical
modeling tools that recognize the random nature of incident
waves as they propagate onshore. Spectral wave models, such
as STWAVE (e.g., SMITH and HARKINS, 1997), REF/DIF-S
(e.g., CHAWLA et al., 1994), SWAN (BOOIJ et al., 1999), and
others typically reproduce field measurements. As such, spec-
tral wave transformation modeling was applied to evaluate
the potential negative effects of sand removal from offshore
borrow sites to coastal and nearshore environments. Al-
though the interpretation of wave modeling results is rela-
tively straightforward, evaluating the significance of predict-
ed changes for accepting or rejecting a borrow site is more
complicated.

A three-phase approach was implemented to evaluate the
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Figure 1. Surface plot with 2.5-m contours of bathymetry grid used for idealized borrow site model runs.

potential physical effects of offshore sand mining on local
wave and sediment transport processes. First, a standard
method was developed to quantify the significance of changes
associated with borrow site excavation and to determine the
influence of borrow site geometry on wave refraction and sed-
iment transport patterns. Because large spatial and temporal
variability exists within the wave climate at a particular site,
determination of physical impacts associated with sand min-
ing must consider the influence of process variability. The
second phase of the project focused on wave spectra devel-
opment, wave transformation modeling, and coastal sediment
transport calculations. The final phase addressed potential
cumulative effects and significance of sand dredging from off-
shore sand borrow sites. A site-specific determination of ac-
ceptable limits of borrow site impacts relative to sediment
transport potential was determined for each case.

WAVE AND SEDIMENT TRANSPORT PROCESSES

In recent years, there has been increased focus on the near-
shore zone due to rapid development of coastal regions and
the need to protect infrastructure from storms and long-term
coastal erosion. This effort has concentrated on developing
analytical tools to evaluate the transformation of waves in
shallow water and to quantify sediment transport induced by
breaking waves along the shoreline. Although improvements
have been made, evaluation of coastal processes still requires
a combination of analytical capability, interpretation of many
complex and often apparently conflicting data sets, and ex-
perience gained from analyzing a variety of shorelines.

Nearshore Wave Transformation

Variations in seafloor elevation tend to dominate wave
transformation as waves propagate into intermediate and
shallow water. Although a small amount of energy is lost
through bottom stresses (frictional drag), most nearshore
wave transformation results from six processes: 1) refraction,
2) shoaling, 3) breaking, 4) diffraction, 5) reflection, and 6)
wave-current interactions. These processes determine the

size and incident angle of breaking waves, the dominant fac-
tors influencing nearshore sediment transport. Although mi-
nor wave diffraction and reflection may occur at an offshore
borrow site, typically, the combined influence of wave refrac-
tion, shoaling, and breaking dominate transformation pro-
cesses. Therefore, consideration of these three dominant pro-
cesses represents the critical components of any spectral
analysis used to evaluate alterations to a wave field associ-
ated with offshore sand mining.

Excavation of an offshore borrow site can alter wave
heights and wave propagation direction. The existence of an
offshore trough or trench may cause waves to refract toward
the shallow edges of the borrow site. This alteration to the
wave field changes local sediment transport rates, where
some areas may experience a reduction in longshore trans-
port and other areas may show an increase. The magnitude
and significance of the change at the shoreline would depend
upon the wave climate and the borrow site distance from
shore. Analysis of wave modifications at an idealized borrow
site was performed using STWAVE to illustrate how alter-
ations in offshore bathymetry can modify existing wave con-
ditions and resulting sediment transport processes. Figure 1
shows the configuration of a hypothetical borrow site, exca-
vated into idealized bathymetry developed using straight and
parallel contours and an Aym profile for southern New Jersey
(DEAN, 1977). The idealized borrow site was located approx-
imately 400 m offshore, centered on the 210 m (mean water
level, MWL) bathymetric contour, with an excavation depth
of 3 m below the seafloor. To evaluate a range of wave trans-
formation possibilities, wave spectra centered at 2308, 2158,
08, 158, and 308 relative to shore normal were modeled, each
with the same significant wave height and peak period, and
having an equal percent occurrence (20%).

Figure 2 illustrates the influence of the idealized borrow
site on nearshore waves for a single wave condition approach-
ing the shoreline from 2308 relative to shore-normal. For this
wave modeling case, the influence of the borrow site extends
approximately 900 m alongshore measured at the breaker
line. In addition, the maximum increase and decrease in



91Shoreline Response to Offshore Sand Mining

Journal of Coastal Research, Vol. 20, No. 1, 2004

Figure 2. Shaded surface plot of wave height difference (Hpost 2 Hexisting) resulting from borrow site excavation (incident wave height of 1.2 m and period
of 8 sec approaching the shoreline at 30 deg from shore-normal).

Figure 3. Change in computed longshore sediment transport potential
for idealized borrow site.

wave height resulting from borrow site excavation are of sim-
ilar magnitude (approximately 60.3 m). Waves propagating
across the borrow site tend to refract toward shallow water
along the edges, creating well-defined areas of wave energy
focusing (increase in wave heights) landward of the borrow
site. Due to the proximity of this borrow site to the beach, its
influence on nearshore wave processes is more pronounced
than for a sand borrow site further offshore. However, the
nearshore location of the borrow site creates a rather limited
longshore region of influence.

Nearshore Sediment Transport Patterns

Generally, beach shape is governed by relatively short-
term events, such as severe storms. Large volumes of sand
are eroded from the beach face and deposited nearshore dur-
ing storm events. However, much of this material is recov-
ered over longer time scales as lower energy waves move
sand landward, causing the beach face to accrete. Seasonal
trends in wave climate influence cross-shore sediment trans-
port as well. Typically, large winter waves erode the beach
face and mild summer waves build the beach. Because beach

shape is dynamic, the best estimate of a typical profile is the
stable beach shape that forms when exposed to average wave
conditions.

Although the influence of borrow site excavation on the
wave field is a critical step in evaluating the physical effects
associated with sand mining, an evaluation of wave field al-
terations alone does not directly provide information needed
to assess potential impacts to the shoreline (i.e., changes in
sediment transport patterns). Calculation of longshore sedi-
ment transport potential for a series of wave cases provides
a method for determining the extent and magnitude of alter-
ations to nearshore processes. For the idealized borrow site
(see Figure 1), a curve representing the annualized sediment
transport potential along this model shoreline was generated
(Figure 3). Transport values were computed using modifica-
tions to the CERC formula (e.g., BODGE and KRAUS, 1991)
proposed by KAMPHUIS (1990). The plot indicates that peak
transport rates would increase to a maximum value at an
alongshore distance of approximately 350 m from the center
of the borrow site. These increases in sediment transport po-
tential directed away from the borrow site are a result of
wave focusing. In contrast, the small peaks in sediment
transport potential between the two large peaks result from
the shadowing of the borrow site created by wave condition
combinations. For example, waves propagating over the bor-
row site from the right (158 and 308 wave conditions) create
a shadow zone along the shoreline that is centered slightly
to the left of the borrow site. This shadow zone is character-
ized by a decrease in left-directed sediment transport. There-
fore, the overall effect is to create an increase in net right-
directed (left-to-right) transport.

By computing the change in sediment transport potential
over the shoreline distance (dQ/dy, where Q is the longshore
sediment transport and y is the longshore coordinate), a nor-
malized curve of anticipated shoreline change resulting from
excavation of an offshore borrow site can be developed. Figure
4 illustrates normalized shoreline change resulting from
wave conditions presented above. Due to wave focusing



92 Kelley et al.

Journal of Coastal Research, Vol. 20, No. 1, 2004

Figure 4. Computed cross-shore change in shoreline position based on
modifications to longshore sediment transport potential by idealized bor-
row site.

caused by the borrow site configuration, increased erosion oc-
curs along the shoreline on either side of the borrow site.
Sand eroded from these two areas feeds the central shadow
zone, as well as shoreline regions further from the borrow
site.

DETERMINING SIGNIFICANCE OF BORROW
SITE IMPACTS

As previously stated, calculated longshore sediment trans-
port potential for a series of wave cases provides a method
for determining the extent and magnitude of alterations to
nearshore processes, but not the significance of changes for
a particular coastline. For coastlines that experience large
inter-annual variations in incident wave energy, alterations
in the direction and quantity of longshore sediment transport
will be highly variable as well. Therefore, a relatively large
alteration in sediment transport, attributed to a proposed off-
shore sand mining project, may not be resolved in the ob-
served shoreline change record due to high natural variabil-
ity in the wave climate. For a shoreline site with a limited
range of wave conditions (e.g., a site dominated by ocean swell
generated from a narrow direction band), alterations in nat-
ural sediment transport processes from proposed offshore
dredging activities may be relatively large compared with
natural variability. In the present study, a method based on
historical wave climate variations, as well as local wave cli-
mate changes directly attributed to borrow site excavation,
was developed to determine appropriate criteria for assessing
the significance of alterations in longshore sediment trans-
port resulting from dredging at offshore borrow sites.

Methods for Evaluating Borrow Site Impacts

One standard method for evaluating borrow site impacts is
to perform wave and sediment transport modeling. Informa-
tion developed from these modeling efforts is used to quantify
potential physical environmental impacts associated with
dredging activities. Although changes in sediment transport
potential and wave energy flux associated with re-direction
of waves generally are used as impact evaluation criteria,
determining acceptable limits for these impacts is not a

straightforward process. Existing methodologies have de-
scribed alterations to the wave field at various locations (e.g.,
directly landward of the borrow site, at a fixed reference line,
at the breaker line; BASCO, 1999), but the shoreline or break-
er line appear to be most appropriate. In this manner, cal-
culated longshore transport rates (based on wave modeling
results) can be validated based on evaluation of observed
shoreline change.

During 1999 and 2000, the U.S. Minerals Management
Service (MMS) employed two different techniques for deter-
mining the significance of borrow site impacts associated
with nearshore wave transformation. BASCO (1999) devel-
oped a statistical approach to evaluate changes in wave cli-
mate at a pre-defined offshore reference line, as well as a
method for determining the statistical significance of im-
pacts. Although this method incorporates spectral wave mod-
eling results and is statistically sound, it requires arbitrary
user-defined limits. For example, rejection of the borrow site
was based on greater than 50% of the reference line experi-
encing significant wave climate modifications. The 50% mod-
ification criteria and the length of the reference line are
based on the user’s judgment rather than scientific princi-
ples.

For borrow site studies in Alabama (BYRNES et al., 1999)
and New Jersey (BYRNES et al., 2000), the significance of bor-
row site impacts was evaluated relative to potential error es-
timates associated with wave height and direction (ROSATI

and KRAUS, 1991). Although use of wave information uncer-
tainties offers a simple tool to address potential shoreline re-
sponse to borrow site dredging, it also contains shortcomings.
The method indicates the potential errors in wave informa-
tion; however, it does not evaluate potential errors directly
associated with the predictive wave models. If the same off-
shore wave field is defined for existing and post-dredging con-
ditions, the error associated with wave measurements (direc-
tion and wave height) may not be the most appropriate in-
dicator of borrow site impacts. It was concluded that if per-
cent changes in longshore sediment transport caused by
offshore sand mining were less than the percent error deter-
mined for wave height/direction estimates, the impact was
insignificant.

Although the above methodologies provide reasonable
quantitative estimates of significance associated with off-
shore sand mining, a new methodology for evaluating borrow
site impacts that incorporates spatial and temporal changes
in the wave field was developed. All three approaches use
site-specific wave analyses as the basis for quantifying poten-
tial alterations to nearshore processes. However, the spatial
and temporal variation method incorporates natural, site-
specific variability in wave climate as a basis for determining
significance.

Spatial and Temporal Variations Approach

Spatial (longshore) and temporal variations in local wave
climate were determined for specific borrow sites to judge the
significance of modeled impacts relative to site-specific wave
characteristics. A shoreline that experiences a wide variety
of wave conditions from year to year also experiences large
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Figure 5. Comparisons of cumulative distributions of wave energy from three WIS stations located at a) Station 67, offshore New Jersey; b) Station 56,
offshore North Carolina; and c) Station 14, offshore Florida. Normalized energy distributions based on wave approach angle to the shoreline (solid line)
are plotted against normal distributions (dash-dot line) determined for each data set.

variability in sediment transport rates. Thus, the level of ac-
ceptable borrow site impacts would be relatively high. Con-
versely, a shoreline that experiences a limited range of wave
conditions cannot accept the same level of borrow site im-
pacts. Because the natural variability in inter-annual shore-
line movements change along the coast, certain portions of
the shoreline will be more tolerant of alterations to the wave
climate and associated sediment transport patterns.

The significance determination method developed for this
study relies on similar wave modeling results as those re-
quired for previous studies. Wave modeling is performed for
several separate one-year periods to determine the charac-
teristic inter-annual sediment transport variability along a
shoreline. In this manner, temporal variations in wave cli-
mate are considered relative to long-term average conditions.
Therefore, wave data records of adequate length (i.e., cover
several years) are required for a statistically significant anal-
ysis. For the east coast of the U.S., the Wave Information
Study (WIS; HUBERTZ et al., 1993) hindcasts of the U.S. Army
Corps of Engineers (USACE) provided data records of appro-
priate length for use with the proposed method at several
convenient offshore locations. If available, other sources of
long-term wave data (e.g., buoy data) could be used. In this
study, wave modeling was performed at three locations for
the entire 20-year wave hindcast time series and for 20 one-
year blocks of the wave record. From these wave model runs,
sediment transport potential curves were derived for average
annual conditions (based on the full 20-year WIS record) and
each one-year period (based on the 20 one-year wave records
parsed from the full record). Based on this information, the
average and standard deviation in calculated longshore sed-
iment transport potential is determined every 200 m along
the shoreline.

Assuming the temporal component of sediment transport
potential is normally distributed across all approach angles
to a shoreline, the suggested criterion for accepting or reject-
ing a potential borrow site is based on a range of one-half
standard deviation (60.5s) about the mean (m). This normal
distribution simplifying assumption is based on comparisons
relative to the distribution of wave energy approaching a
shoreline. Figure 5 illustrates this comparison for three wave
hindcast stations on the U.S. East Coast. The cumulative

wave energy distribution by incident wave direction for each
station is plotted with the normal distribution determined for
each location. The comparison shows a reasonable fit for each
of the three areas. If any portion of the sediment transport
potential curve associated with a sand mining project exceeds
60.5s of the natural temporal variability about the sediment
transport potential determined for existing (pre-dredging)
conditions, the site would be rejected.

One standard deviation (s) incorporates approximately
68% of the variability of a random variable, and 6 0.5s about
the mean incorporates approximately 38% of the variability.
Therefore, for s determined from 20 one-year model runs,
there is a 62% chance that the mean transport for any given
year will fall outside the 60.5s envelope about the mean, and
an 85% chance of falling outside this envelope during any
two-year period. The envelope provides a basis for judging
the impacts of a borrow site relative to natural variability of
the sediment transport climate along a coastline. Because
there is a greater than 50% chance that the transport com-
puted for a particular year will fall outside of the 60.5s en-
velope about the mean, impacts determined for a particular
borrow site that fall within this envelope likely will be indis-
tinguishable from observed natural variations. For this rea-
son, sites with large natural variation in wave climate and
associated sediment transport potential could sustain greater
impacts associated with an offshore sand mining project.

The initial application of this method (KELLEY et al., 2001)
used 1s as the significance criterion, based on splitting the
20-year wave-hindcast record into five four-year periods, as
opposed to 20 individual years for the present criterion. The
standard deviation of transport computed using the 20-year
record divided into five four-year periods is approximately
80% of 1s determined for 20 individual one-year model runs.
Therefore, the 0.5s envelope was chosen because the 0.5s1m
level has an associated probability that is approximately 80%
of the 1s1m level, making the two significance envelopes
roughly equivalent.

To ensure that spectral wave modeling and associated long-
shore sediment transport potential could be applied effective-
ly to evaluate long-term alterations to the littoral system, a
comparison of model predictions with observed shoreline
change was performed. This analysis provided a semi-quan-
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Figure 6. Bathymetry surface and borrow sites for offshore North Car-
olina. As designed, Site 1 is a 7.2 MCM borrow area, with a 3-m exca-
vation depth; Site 2 has 5.8 MCM, with a 3-m excavation depth; Site 3
east has 1.4 MCM, with a 2-m excavation depth; Site 3 west has 2.5 MCM,
with a 3-m excavation depth; and Site 4 has 2.3 MCM, with a 2-m exca-
vation depth.

titative method for determining whether (a) longshore wave-
induced transport is responsible for observed shoreline
change, and (b) long-term shoreline change trends are con-
sistent with the shorter-term (20-year) sediment transport
potential analyses. An evaluation of model output was per-
formed using a comparison of computed gradients in sedi-
ment transport with historical shoreline change data. The ba-
sis for this comparison is the relationship between shoreline
movement and the longshore gradient of sediment transport
(e.g., DEAN and DALRYMPLE, 2002). Simply expressed, this
relationship is

]Q ]x
} (1)

]y ]t

where Q is sediment transport, y is alongshore distance, x is
the cross-shore position of the shoreline, and t is time. A com-
parison of results should illustrate similar trends in long-
term shoreline change and transport potential computed us-
ing wave conditions that represent long-term average condi-
tions. Good general agreement between these two quantities
would suggest that the transport potential model reasonably
represents long-term coastal processes for a given area, and
thus, the model’s ability to predict the likely impacts that
would result from offshore dredging.

As a management tool, this methodology provides several
advantages over methods previously employed to assess the
significance of borrow site impacts. First, observed long-term
shoreline change is compared with computed longshore
change in sediment transport potential. Close comparison be-
tween these two quantities indicates that longshore sediment
transport potential calculations are appropriate for assessing
long-term natural change. Therefore, this methodology has a
model-independent component (observed shoreline change)
used to ground truth model results. Second, the method is
directly related to sediment transport potential and associ-
ated shoreline change. Therefore, impacts associated with
borrow site excavation can be directly related to their poten-
tial influence on observed coastal processes (annualized var-
iability in shoreline position). Third, site-specific temporal
variability in wave climate and sediment transport potential
is calculated as part of the methodology. For sites that show
little natural variability in inter-annual wave climate, allow-
able coastal processes impacts associated with borrow site
dredging similarly would be limited, and vice versa. In this
manner, the inter-annual temporal component of the natural
wave climate is a major component in determining impact
significance. Finally, similar to methodologies incorporated in
previous MMS studies, the longshore spatial distribution of
borrow site impacts is considered. However, the allowable
limit of longshore sediment transport variability is computed
from the temporal component of the analysis. Therefore, the
final results of this analysis provide a spatially-varying en-
velope of allowable impacts in addition to the modeled im-
pacts directly associated with borrow site excavation. The
methodology accounts for spatial and temporal variability in
wave climate, as well as providing a defensible means of as-
sessing significance of impacts relative to site-specific condi-
tions.

SEDIMENT TRANSPORT VARIATIONS AT
PROPOSED BORROW SITES

The potential impacts of dredging at three proposed borrow
sites offshore Dare County, North Carolina (Figure 6); off-
shore Martin County, Florida (Figure 7); and offshore Cor-
sons Inlet, New Jersey (Figure 8) were evaluated within the
context of natural variations in wave climate and sediment
transport rates. For the North Carolina, Florida, and New
Jersey examples, nearshore wave heights and directions
along the shoreline landward of proposed borrow sites were
estimated using the spectral wave model STWAVE to simu-
late the propagation of offshore waves to the shoreline. Off-
shore wave conditions used as input for wave modeling were
derived from measured spectral wave data from offshore data
buoys or hindcast simulation time series data from the USA-
CE Wave Information Study (WIS; e.g., HEMSLEY and
BROOKS, 1989; and HUBERTZ et al., 1993). In general, buoy
data are the preferred source of wave information, because
they represent actual offshore wave conditions rather than
hindcast information derived from large-scale models. How-
ever, very few sites along the U.S. coast have wave measure-
ment records of sufficient length to enable their use as a
source of long-term information.

Offshore North Carolina

The shoreline north of Oregon Inlet in the North Carolina
Outer Banks has been the focus of many previous monitoring
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Figure 7. Bathymetry surface and borrow site for offshore Martin Coun-
ty, Florida. As designed, the site is a 24 MCM resource, with a 4.5-m
excavation depth.

and modeling studies (e.g., INMAN and DOLAN, 1989; LARSON,
1995; KIM, WRIGHT, and KIM, 1997; MILLER, 1999). In the
present study, the potential impacts of five offshore borrow
sites were investigated. Wave input conditions for simula-
tions offshore North Carolina were developed using hindcast
data from WIS station 56, located approximately 33 km
northeast of Bodie Island, NC (HUBERTZ et al., 1993). This
WIS record covers a 20-year period from January 1976 to
December 1995.

Historical shoreline change analysis provides a without-
project assessment of shoreline response for comparison with
predicted changes in wave-energy focusing at the shoreline
resulting from potential offshore sand dredging activities. Be-
cause continuous measurements of historical shoreline
change are available at 50-m alongshore intervals (see
BYRNES et al., 2003), model results (wave and sediment
transport) at discreet intervals along the coast can be com-
pared with historical data to develop process-response rela-
tionships for evaluating potential impacts. Shoreline data
covering the periods 1849 to 1980 for Dare County, North
Carolina were used to quantify trends. Methods for compiling
and analyzing historical data sets are described in BYRNES

and HILAND (1994). Alongshore variations in sediment trans-
port were determined from computed values of transport po-
tential for each shoreline for modeled existing conditions.

Trends in shoreline change generally agree with modeled
transport gradients for the North Carolina coast north of
Oregon Inlet (Figure 9). Results of both analyses illustrate a

stable to erosional shoreline, with an area of maximum ero-
sion between 5 and 7 km north of Oregon Inlet. For the mod-
eled transport gradient, there is an area of accretion located
approximately 3 km north of the point of maximum erosion
that is not indicated in the shoreline change analysis. This
may be due to a lack of detailed nearshore bathymetry data
for a 2 km section of coastline at this location. Bathymetry
data used for developing the model grid was from the U.S.
National Ocean Service (NOS) Geophysical Data System
(GEODAS) database (NOS, 1998), but supplemental data dig-
itized from a National Oceanic and Atmospheric Administra-
tion (NOAA) navigational chart were required in the area
north of the inlet. Therefore, the bathymetry data in this area
does not have a high level of detail as is available in the data
used for adjacent sections of coast, and may affect the model
results.

An exact match between the gradient in sediment trans-
port potential and measured shoreline change was not ex-
pected due to the differing time scales of the two analysis
techniques (several decades for shoreline change and 20
years for sediment transport potential). Significant migration
of Oregon Inlet also may be responsible for some of the dif-
ferences between observed and modeled shoreline change
trends, where the peak in erosion likely has migrated south
with the inlet. Therefore, the peak erosion area determined
from the gradient of modeled transport potential, based on
20 years of recent wave information, may be more represen-
tative of present conditions than long-term shoreline change
(based on more than 100 years of shoreline data). Overall,
good agreement exists between observed shoreline change
and longshore gradient in modeled transport potential. Minor
differences between the two methods, especially in the region
of maximum erosion, likely are due to long-term alterations
(spanning several decades) in shoreline position and the his-
torical migration of Oregon Inlet.

In Figure 10, the computed change in transport potential
for the two modeled scenarios (where sites 3 east and 3 west
were modeled alternately with sites 1, 2, and 4) falls within
the 60.5s significance envelope determined for this shoreline
reach. Therefore, according to the impact significance anal-
ysis, the modeled borrow site configurations are acceptable
without any additional stipulations. It is likely that if sites 3
east and 3 west were dredged at the same time as the other
three sites, the resulting change in computed sediment trans-
port potential would exceed the 0.5s significance envelope. If
the impacts did fall outside the envelope, a redesign of the
borrow site configuration would be required to minimize the
impact.

Offshore Eastern Florida

Results from the analysis of a single large borrow site off-
shore the east coast of Florida are shown in Figure 11. This
proposed site is located approximately 5 km offshore, approx-
imately 17 km north of St. Lucie Inlet. The resource site was
identified to contain approximately 24 million cubic meters
(MCM) of sand, with an excavation depth of 4.5 m (15 ft).
Analyses of potential changes due to dredging at this site
were conducted in a similar fashion as the previous analyses
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Figure 8. Bathymetry surface and borrow site limits for offshore New Jersey.

presented for offshore North Carolina. Waves from WIS sta-
tion 14 (HUBERTZ et al., 1993) were used as input conditions
for STWAVE model runs developed for this area. The 60.5s
maximum influence envelope determined for this shoreline,
along with the change in sediment transport potential re-
sulting from dredging the borrow site, is shown in Figure 11.
Unlike offshore North Carolina, the significance envelope is
exceeded in an area updrift of the borrow site and nearly
exceeded in an area downdrift of the borrow site. Because the
resulting changes to longshore transport are determined to
be greater than the allowable envelope for an approximate 2-
km length of shoreline, this site would be rejected and would
require redesign to reduce potential adverse modifications to
the sediment transport regime. Additional model runs for
this site indicated that an excavation depth of approximately
2 m would bring the transport variability caused by the bor-
row site within the 0.5s1m envelope. Therefore, an approx-
imate 12 MCM excavation at this site would be deemed ac-
ceptable based on potential impacts associated with coastal
sediment transport processes.

Multiple Dredging Events Offshore New Jersey

As an example of evaluating potential cumulative effects
associated with multiple dredging events at a single borrow

site, wave and sediment transport modeling results were an-
alyzed for multiple dredging excavation depths at Site M8,
located approximately 7 km seaward of Corsons Inlet, New
Jersey. This analysis applied the initial method for evaluat-
ing impacts, where the 20-year wave-hindcast record was
split into five four-year periods, rather than 20 individual
years. As described previously, the significance envelope re-
sulting from this analysis technique is roughly equivalent to
the 0.5s1m envelope developed from splitting the 20-year
wave hindcast record into individual years. Waves from WIS
station 67 (HUBERTZ et al., 1993) were used as input condi-
tions for STWAVE model runs. The 61s maximum influence
envelope determined for this area, along with changes in sed-
iment transport potential resulting from a series of dredging
depths at Site M8, are illustrated in Figure 12.

As the borrow site is excavated to greater depths (see Fig-
ure 12), the impact it has on wave-induced sediment trans-
port potential along the shoreline increases. Exploring a
range of reasonable excavation depths provides site-specific
information regarding anticipated increase in impacts rela-
tive to dredging depth. Because of the proximity of the site
to shore and its relatively large perimeter, deep excavations
at Site M8 would have pronounced effects on modeled sedi-
ment transport patterns at the shoreline. Model runs were
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Figure 9. Comparison of historical shoreline change and gradient of modeled transport potential (dQ/dy) for the North Carolina shoreline.

Figure 10. Plot of transport potential difference between existing and
post-dredging conditions, with the 60.5s maximum influence envelope
(dash-dot line), for borrow sites located offshore North Carolina. The plot
shows change in transport for Sites 1, 2, and 4, modeled with 3 east (solid
black line) and 3 west (dashed line), separately. The longshore extent of
each borrow site also is indicated. A positive difference in sediment trans-
port potential is defined as an increase in north-directed transport.

Figure 11. Plot of transport potential difference between existing and
post-dredging conditions (solid black line), with the 60.5s maximum in-
fluence envelope (dash-dot line), for a single 24 MCM borrow site located
approximately 5 km offshore Martin County, Florida. A positive differ-
ence in sediment transport potential is defined as an increase in north-
directed transport potential.
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Figure 12. Plot of change in sediment transport potential computed for five excavated depths at Site M8, offshore Corsons Inlet, New Jersey. The
indicated dash-dot envelope represents the maximum transport influence that is allowed by the impact significance criterion, or 61s about the mean
sediment transport potential for this case.

made for 2, 3, 5, 7, and 9 m excavation depths. The resulting
change in sediment transport potential at the shoreline as-
sociated with each of these model scenarios is shown in Fig-
ure 12. Included with the plot of transport difference is the
envelope of maximum change as defined by the impact sig-
nificance criterion. Based on this information, excavation
depths greater than 5 m would not be acceptable for this site,
as the allowable limit criterion is exceeded along a portion of
the shoreline south of Corsons Inlet.

DISCUSSION

To establish useful criteria for estimating impacts of sand
mining on the nearshore littoral system, a comparison of sed-
iment transport potential and long-term shoreline change
was performed at each of three sites. The analysis provided
a semi-quantitative method for determining whether long-
shore wave-induced transport was responsible for observed
shoreline change and whether long-term shoreline change
trends were consistent with the 20-year sediment transport
potential analysis. In general, the comparison indicated that
the longshore gradient in computed wave-induced sediment
transport followed similar trends as observed long-term
shoreline change. Exceptions occurred at locations where
STWAVE modeling was not applicable (areas where wave dif-
fraction was important) or where wave-induced processes
may not control sediment transport rates (in the vicinity of
tidal inlets).

Because modeled longshore gradients in sediment trans-

port potential generally matched observed shoreline change
trends, wave and sediment transport modeling provided a
reasonable basis for evaluating long-term shoreline response
associated with offshore sand mining. Because the natural
variability in inter-annual shoreline migration changes along
the coast, certain portions of a shoreline will be more tolerant
of alterations to the wave climate and associated sediment
transport. The method used to evaluate borrow site impacts
provided a reliable technique for developing acceptable site-
specific limits associated with changes in sediment transport
potential.

Based on site-specific analyses for each of the three sites,
an evaluation of impacts to the local wave and sediment
transport regime ranged from insignificant to unacceptable.
For offshore North Carolina, the two modeling scenarios in-
dicated that the influence of excavating four borrow sites
with a combined sand volume of between 16.7 and 17.8 MCM
was deemed acceptable based on the significance criterion.
As expected, excavation of Site 3 west had a greater impact
on nearshore sediment transport patterns due to the large
sand extraction volume, its proximity to the shoreline, and
the relatively shallow water depths. Because it has been sug-
gested that borrow sites located in close proximity illustrate
additive impacts (KELLEY et al., 2001), the influence of mul-
tiple sites on sediment transport along a coastline is an ad-
ditive effect, rather than a more complicated non-linear effect
or amplification. Therefore, it is likely that excavation of Site
3 east and Site 3 west would cause changes to the transport
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potential to fall outside the significance envelope, and the
excavation plan would be considered unacceptable.

Due to the relatively shallow water at the borrow site off-
shore Martin County, Florida (approximately 8 to 10 m), a
4.5 m excavation creates a pronounced effect on nearshore
sediment transport processes. The maximum influence of this
borrow site causes a reduction in net south-directed transport
of nearly 100,000 m3/year. As a result of limited variability
in incident wave climate, the influence of the 24 MCM sand
mining scenario exceeds the allowable 6 0.5s limit about the
mean natural sediment transport potential (m). By reducing
the excavation depth to less than 2.3 m (an excavation vol-
ume of approximately 12 MCM), the influence of borrow site
excavation on sediment transport potential falls within the
significance criterion boundary. It is likely that re-orientation
of the borrow site and/or expansion of the borrow site surface
area with a decreased excavation depth also will decrease the
impact to sediment transport process.

The quantitative methodology for assessing borrow site im-
pacts can be used to determine allowable excavation depths.
An example of this analysis was shown for the southern New
Jersey coast, where the influence of dredging Site M8 to
depths ranging from 2 to 9 m was evaluated. Due to the rel-
atively narrow variability in wave-induced sediment trans-
port potential (one standard deviation about the mean of ap-
proximately 640,000 m3/year), it was determined that the
maximum allowable excavation depth for this site is about 5
m. Although variability in sand transport potential along the
shoreline of Martin County, Florida is significantly larger
than off the coast of southern New Jersey (allowable limits
about the mean of approximately 675,000 m3/year compared
to 640,000 m3/year), excavation of the shallow shoal offshore
Florida has a larger influence on wave refraction and asso-
ciated sediment transport potential.

CONCLUSIONS

A quantitative method for evaluating the significance of
changes to coastal processes that result from offshore sand
mining is introduced and applied at three borrow site loca-
tions along the east coast of the U.S. As the basis for this
method, temporal variations in wave climate and longshore
sediment transport are evaluated relative to average annual
conditions. The suggested criterion for accepting or rejecting
a potential borrow site is based on a range of one-half stan-
dard deviation (60.5s) about the mean. If any portion of the
sediment transport potential curve associated with a sand
mining project exceeds 60.5s of the natural temporal vari-
ability about the sediment transport potential determined for
existing conditions, the site would be rejected.

Sediment transport changes that fall within this envelope
will be indistinguishable from observed natural variations.
For this reason, sites with large natural variation in wave
climate and associated sediment transport potential could
sustain greater changes associated with an offshore sand
mining project.

As a coastal management tool, this analysis procedure pro-
vides several advantages over methods previously employed
to assess the significance of borrow site impacts. First, it has

a model-independent component (measured shoreline
change) with which to validate model results. Second, im-
pacts associated with borrow site excavation can be directly
related to their potential influence on observed coastal pro-
cesses. Third, site-specific temporal variability in wave cli-
mate and sediment transport potential is calculated as part
of the methodology. Finally, the method accounts for spatial
and temporal variability in wave climate, and provides a
means of assessing significance of changes relative to site-
specific conditions.
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